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Abstract.
Pulsed photoacoustic calorimetry has been used to study 
the photolysis of carboxymyogIobin (MbCO) molecule; i .e.
MbCO + h v ------> Mb + CO
The p h a t o a c o u s t  i c signal at two f r e q u e n c i e s  ( 5 0 0 k H z  and 
2 M H z ) has been measured as a function of temperature from 
0°C to 25° C . S l o w  r e l a x a t i o n s  are o b s e r v e d  in the lower
frequency case. From the results at the higher frequency;
the b ond e n e r g y  b e t w e e n  Mb and CO is found to be 7.B
k c a 1/mo 1e . In addition; it is found that the volume of MbCO
is greater than that of (Mb*fC0) by 1 . 2 X l Q ~ ^ m ^ .  To the best 
of our knowledge; this is the first time that the volume 
c h a n g e  of a r e a c t i o n  has been d i r e c t l y  m e a s u r e d  u s i n g
phatoacoust i c technique.
Chapiter 1
I mitr induct, 5 sn
1•1 Backgrnund
Ulhen a system absorbs a photon and becomes excited; it 
may r e t u r n  to its g r o u n d  s t a t e  by e m i t t i n g  I ight; by 
photochemical' process or by nonrad i at i ye thermal relaxation. 
For the case involving thermal relaxation; the local medium 
will be heated up and upon expansion; an acoustic pressure 
wave is generated. This process of acoustic wave generation
is called the photoacoustic (PA) effect which was reported
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for the first time by Bel I 1 more than a hundred years ago. 
He focused the sun I i ght onto a sample contained in a cel I 
that was c o n n e c t e d  to a l i s t e n i n g  tube. By b l a c k i n g  and 
unblocking the sun I ight repeatedly; sound at the suni ight 
c h o p p i n g  f r e q u e n c y  c o u l d  be h e a r d  t h r o u g h  the l i s t e n i n g  
tube. After Bell's demonstration; the photoacoustic effect 
has attracted I ittIe attention for a long time beacuse this 
e f f e c t  is n o r m a l l y  very weak. H o w e v e r ;  s i n c e  the e a r l y  
seventies; there was an upsurge of interest in it because of 
the ava i labi I i ty of lasers; high power arc lamps and also 
the h i g h l y  s e n s i t i v e  d e t e c t o r s  such as m i c r o p h o n e s  and 
pi ezo electric detectors. Today; a* great deal of theoretical 
studies on various cases of generation of the PA signal and 
various experimental app I ications have been reported. These
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appi i cat i uH5 include trace analysis* spectrasccpy of w e a k 
optical transi ti ons * p r o b i n g  of o p t i c a l l y  thick s a m p l e s ;  
non I inear spectroscopy and absorption of thin fi lm; etc. In 
addition; many new experimental applications of PA effects 
in various media are reported every year. The popularity of 
and interest in PA techniques can be recognised by noting 
the number of revieu p a p e r s ^ ;° ;^ 5w and the c o n f e r e n c e s0 on 
th i s subject .
Photoaco ust ic  technique has several distinct advantages 
when used as a s pec t r os cop i c tool. First; it is a highly 
s e n s i t i v e  t e c h i q u e  so t h a t  s a m p l e  w i t h  a b s o r p t i o n  
c o e f f i c i e n t s  as small as ID cm  ^ to 1,D cm ~ can be 
m e a s u r e d .  For e x a m p l e ;  Patel and T a m "'7 had used this 
t e c h n n i q u e  to m e a s u r e  u n a m b i g u o u s l y  t h e  a b s o r p t i o n  
coefficients of light and heavy water in the visible region. 
Second; it is complementary to fluorescence spec troscopy and
t r a n s m iss i on s p e c t r o s c o p y s i n c e t h e  p r ob Ie m of l i g h t
s catter i ng does not exist. Th i r d ; special samp! e such as
p o w d e r ; g e l a t i n  and n cn-e mi 11 i n g spec i e s can also be
stud i ed . Finally the samp Ie treatment is simp I er than that
of optical spectros c o p y .
Since pho toacoustic signal is generated by nonradiative 
t h e r m a l  r e l a x a t i o n ;  it is a l s o  i d e a l l y  s u i t e d  for 
calorimetric studies. As will be shown in chapter 2; the PA 
signal am plitude is proportional to the heat released in the 
n o n r a d i a t i v e  r e l a x a t i o n .  B a s e d  on t h i s  p r i n c i p l e ;
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^hotcaccustic cslni'iinstry h. = 5 ^39" —ssd fzr rn 2 = 3 u ;A i r, g the
heat of r e a c t i o n  of stable and m e t a s t a b l e  p h o t'o c h e m i c a I 
i n t e r m e d i a t e s  d i r e c t l y 3 ’7 . Par e x a m p l e ?  P e t e r s  and 
coworkers*71’ ^  had used this technique to measure the heat of 
formation of d i p h e n y i c y c i a p r o p e n a n e  and s t r e n g t h  of the 
metal-I i gand bond in LCr(C0)c;. Furthermore? they found that 
by using p h o t o a c o u s t i c  wavef o r m  deconvolution**? one can 
also deduce the history of heat deposition in a sample. It 
is thus possible to obtain both calorimetric and dynamic 
i nformat i o n .
1.2 Studies on Myoglobin
Myogiobin (fig. 1 .1 ) is a simple protein molecule of 
molecular weight - 1B0D0 da I tans . The protein has a site 
which can bind reversibly with O -7 and thus functions as an 
C2 carrier. In addition? the site is found to be able to 
bind other nonphy s i o I og i ca I I i gands -such as CO and NO with? 
s u r p r i s i n g l y ?  a i a r g e r  a f f i n i t y .  T h e  l i g a n d s  c a n  be 
photolyzed by visible I ight with variable quantum yields. 
For the quantum yield is only about 0.D1 whereas for CO
the quantum yield is essentially unity ? i.e.
MbCO + hv •> Mb -I- CO Quantum Yield = !.□
As a r e s ult? a lot of s t u d i e s  has b e e n  done on f l a s h
^From the book "Hemoglobin and Myoglobin in Their Reactions with Ligands", 
by E. Antonini and M. Brunori. North-Holland Publishing Company Amsterdam* 
London
3
Site for binding ligand molecule.
Fig. 1.1 Structure of myoglobin.
Adapted from Dickerson(1964).
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photolysis of carboxymyogIobin (MbCO) to probe the changes 
in the protein upon the loss of its ligand. Su-ch studies 
h ave p r o v i d e d  i n f o r m a t i o n  on how the p r o t e i n  f r a m e w o r k  
modulates the activity of its binding site.
In the present work; photoacoust i c calorimetry is used 
to study myoglobin from sperm whale skeletal muscle. Ue are 
interested in measuring the bond strength of the I i gand CO 
to a Mb molecule. So the following reaction is investigated;
MbCO + h v ------> Mb + CO + heat (1.1)
with hv being the energy of the excitation photon.
The traditional method of finding the bond energy i s by
ana 1yz i ng the result obta i ned i n measur i ng the equ i 1 i br i urn
c o n s t a n t K of the f o 1 low i ng r e a c t  ion as a f u n c t io n o f
temperature
K \Mb + CO MbCO
H o w e v e r ;  the m e t h o d  c a n n o t  be used for the p r e s e n t  c a s e  
because the equilibrium constant is so large that the result 
thus o b t a i n e d  will be very i n a c c u r a t e .  So p h o t o a c o u s t  i c 
technique is used.
To find the bond energy; Mb and MbCO samples were used. 
For each sample; the PA signals at different temperatures 
were measured. From these data; the bond energy could be
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calculated. Besides the bend a n s r g y j it was also fauna that 
t h e  M b C O  m o l e c u l e  u n d e r g o e s  a v o l u m e  c h a n g e  a f t e r  
p h a t o e x c  i tat i o n . M o r e o v e r *  by s t u d y i n g  the PA signal at 
d i f f e r e n t  f r e q u e n c i e s *  s l o w e r  r e l a x a t i o n  p r o c e s s e s  were 
found fol lowing the photolysis of MbCO.
1•3 Or ganisation of the Dissertation
C h a p t e r  2 c o n t a i n s  a d e s c r i p t i o n  of the t h e o r y  of
pulsed photoacoust i c techn i que and the ca 1 c u 1 at i on o f the
v a 1ume change of the photo lysis of MbCO.. In chapte r 3* the
e x p e r im e n t a  1 m e t h o d and s e t - u p  were d escr i bed and the
exper i m e n t a 1 r e s u 1ts were presented in chapter 4. It was
found that there was some nonliner effect in the photolysis 
of MbCO. A simple estimate which exp la i nes this non I inear 
e f f e c t  t o g e t h e r  with d i s c u s s i o n s  of the r e s u l t s  were 
presented in chapter 5. Chapter £> gives the conclusion of 





2.1 Photoacous ti c Calorimetry
T h e  g e n e r a t i o n  of p h o t o a c o u s t  i c (PA) w a v e s  c a n  be 
c l a s s i f i e d  into two c a t e g o r i e s  a c c o r d i n g  to the type of 
excitation light sources. One is the continuous wave modulation 
photoacoust i c technique in which a continuous i i ght source? 
such as arc lamp? is modulated by a chopper and the other is 
the pulsed photoacoustic technique in which a pulsed laser is 
used as the light source. In our study? a p >u Ised photoacoust ic 
t e c h n i q u e  was u s e d  and we will c o n f i n e  our d i s c u s s i o n s  to 
pulsed photoacoust i cs in the fcl lowing chapters.
2.1.1 S e m i — guantitative Theory of Pulsed Phot oacou stic 
Ca i or i metry
The t h e o r y  of p u l s e d  p h o t o a c o u s t  i c t e c h n i q u e  has b e e n  
studied by many workers^1’ ^  ^ . In their theories? there are 
two i m p o r t a n t  time s c a l e s ?  n a m ely? the laser p u l s e  t im e 
duration c „ and the transit time c _ of the acoustic wave across 
the beam radius. Due to different experimental set-ups? diverse 
time scales have been employed in. various works. The vigorous 
theory developed by Lai and Y o u n g 1 ' has taken various c _ / c =p a
ratios into account . They also discussed the influence of the
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shape and size of the laser pulse on the photoacoustic signal 
and the limit of the sensitivity of pulsed PA terhn i que with 
consideration of eIectrostr i ct i o n . However j a straight forward 
sem i quant i tat i ve description described below is good enough for 
t h e  u n d e r s t a n d i n g  of t h e  b a s i c  p r i n c i p l e  b e h i n d  the 
photoacoustic calorimetry.
Consider a laser pulse with energy E 0 passing through a 
sample of length I and absorption coefficient a (fig 2 .1 ); the 
energy absorbed; E^; wi I 1 be
E-j_ = E n ( 1 - e*~a 1 )
A s s u m e  t h a t  t h e  s a m p l e  r e t u r n s  to 
n o n r a d  i at i ve the rm al r e l a x a t i o n  only; 
volume; V; will have a temperature rise 
to the energy absorbed E ^ ; by
E x = p C pv A T  . (2 .2)
where p is the density of the sample; and C_ is the specific 
heat capacity at constant pressure.
Letting r be the radius of the laser pulse ; so
V = 7> r2 l (2 .3 )
S i n c e  the laser p u l s e  d u r a t i o n  is v e r y  s h o r t  (~6n s ); h e a t
(2 . 1 )
t h e  g r o u n d  s t a t e  by 
then the i I l u m i n a t e d  






• Observation point 
at distance R.
Fig. 2.1 Semi-quantitative theory of pulsed PA effect.
For weak absorption, the cylindrical pressure 
wave being generated can be regarded as 
cylindrically symmetric.
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e n e r g y  does not have e n o u g h  time to d i f f u s e  out of the 
illuminated volume V. Hence the expansion is nearly adiabatic. 
Assuming that r is sma I i ; then the increase in volume A.V due 
to thermal expansion is
A v  = 7Ar + A r > 2 ! - 7, r2 l = b v A T  (2.4)
where A r is the change in the radius of the .i 1 luminated 
samp I e 5 and
b is the volume expansion coefficient.
The expansion cannot be considered as isobaric because in our 
case? c_>>c_ so that the pressure wave does not have enougha. P
t i m e  to s p r e a d  out of the i l l u m i n a t e d  v o l u m e .  U n d e r  this 
s i t u a t i o n ;  the c h a n g e  in p r e s s u r e  P at the s u r f a c e  of the 
i I luminated volume can be found by using Hookers Law?
P (=st r ess )
A v
0
where B is the bulk modulus of the sample and is equa 
with v being the velocity of the pressure wave.




P = P v2 b A T  = (2 .6)
The peak pressure Pg(R) detected at an observation point at 
distance R from the center of the i I 1uminated volume is
a
P b (R> = P ( 1/2
R
C pV R
v2b E D ( 1 - e al (2.7)
C 77 r3/2 IR1/2
N o t e  th at P g is p r o p o r t i o n a l  to the laser e n e r g y  E a and is
4°C j Pg is a l s o  t e m p e r a t u r e  d e p e n d e n t  due to the r a p i d  
variation of b with temperature.
S i n c e  t h e  P A  s i g n a l  d e t e c t e d  by a t r a n s d u c e r  is 
proportional to Pg> then the signal detected S can be written 
as
If only a fraction of the photon energy is released as heat in 
relaxation? then the PA signal is
inversely proportional to r3/ 2^ . For water at temperature around
S = kPg ( 2 .8 )
where k is a proportionality constant related to the
sensitivity of the transducer and the chara cteri stics of
the data acquisition system.
S = k i nP B (2.9)
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w here 4 is the f r a c t i o n  of the p h o t o n  e n e r g y  r e l e a s e d  
nonrad i at i ye Iy in thermal relaxation processes.
In reality; there is noise in the system; the detected PA 
signal is better represented by
S = k4nPB + U (2.ID)
where U is the contribution due to noise in the system.
2.1.2 Bond Energy Calculation
Eq . (2 .10) is the basis of photoacoustic calorimetry and 
is used as a guide to interpret our experimental data.
In our e x p e r i m e n t ;  the M b C O  m o l e c u l e  was e x c i t e d  by a 
photon with energy h v and underwent the fallowing reaction
MbCO + h v ------- > Mb + CO + heat' (2.11)
with □< a n <1
Part of the photon energy was used to break the MbCO molecule 
to CO and Mb molecule (i.e. breaking the bond between deoxy-Mb 
and CO molecules) while the rest was released by fast thermal 
relaxation (in the order of p i c o - s e c o n d ) ^ “^ 20 . The energy used 
for bond breaking is called the "Bond Energy'’'’ and is equal to 
(l-djn )hv with 0 < 4 n <l. For Mb; the corresponding reaction is
12
Mb + hv > Mb + heat (2.12)
This reaction is known to have 4 n = 1.
The released heat energy in both reactions was absorbed by the 
s u r r o u n d i n g  liquid (water in our e x p e r i m e n t )  and a c o u s t i c  
pressure wave was generated due to thermal expansion of the 
liquid. Eq. (2.7) shows that the amplitude of this pressure 
wave is proportional to the heat released.
In order to find the missing energy of reaction (2.11); 
the excitation dye laser I i ght is tuned to a wavelength such 
that the Mb and MbCO samples have the same absorbance? i .e. 
same a. This wavelength is called the i sosebest i c paint or the 
i5 o s e b e s t i c s . The isasebestic point is important because at 
this w a v e l e n g t h ?  the f r a c t i o n  of laser e n e r g y  a b s o r b e d  by 
either MbCO or Mb are the same. During the experiment? r?R and 
the temperature are also kept constant, v? b and C3 should be 
•the s a m e  for M b C O  a n d  Mb a n d  a r e  v e r y  c l o s e  to t h e  








T T ^ M b C O
Mb
(2.13)
where E a is the laser energy.
The area of the PA signal in the 1st half cycle and the 
b a s e  I ine was t a k e n  to be p r o p o r t i o n a l  to the heat e n e r g y
13
Fig. 2.2 In order to increase the accuracy 
of the data, the shaded area is 
taken to be the PA signal strength 
S in equation (2.10).
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released after the pnatoexc i taiion (fig.2.2). This is Justified 
by eq. (2 .7 ) since this area is proportional to the maximum 
a m p l i t u d e  of the PA signal if the s h ape of the PA s i g n a l s  
produced by MbCO and Mb is the smae.
2.1.3 Relationship between Laser Seam Diameter and 
Fr equency of PA Signal
U n d e r  o u r  e x p e r i m e n t a l  c o n d i t i o n  c a > > c p ( r e f e r  to 
f i g . 2 . 3 ( a ) ) ?  the v o l u m e  i l l u m i n a t e d  by the laser h e a t s  up 
i n s t a n t a n e o u s l y  a f t e r  laser i l l u m i n a t i o n .  The e x p a n s i o n  of 
different parts in the volume produces different effect to an 
o b s e r v e r  at P. For e x a m p l e ?  the e x p a n s i o n  at p o i n t  A will 
produce a compress i onaI wave at P whi le the expansion at B will 
p r o d u c e  a r a r e f a c t i o n .  Lai and Y o u n g  have e x a m i n e d  the 
situation analytically. In the case when the time and spatial 
profiles of the laser beam are Gaussian? they found that the 
s e p a r a t i o n  b e t w e e n  t h e  m a x i m u m  c o m p r e s s i o n  a n d  maxi m,u m 
rarefaction is equal to 2 . 3 5 c a . Hence the major component of 
the PA signal has a f r e q u e n c y  ( 2 . 3 5 c _ )  The f a c t o r  2 . 3 5d
depends very much on the time and spatiai profi le of the laser 
beam and is in general around 2 (fig.2 .3(b)).
In our experiment? we have no control on the laser time 
p r o f i l e .  H o w e v e r ?  the d i a m e t e r  of the laser beam c o u i d  be 
adjusted by a long focal length (f-lDDcm) converging lens which 















2 . 2  V o 1ume E f f e c t  o f  P h o t o l y s i s  o f  MbCO
In the c o u r s e  □ f s t u d y  of t h e  p h o t o l y s i s  of M b C O  
molecules? we discovered that there is a volume change of the 
MbCO molecule upon photolysis? i.e. the initial volume of the 
MbCO molecule is different from the sum of the volumes of the 
Mb and CO molecules obtained after the photolysis reaction. 
This change of volume induces a PA signal which do not depend 
on temperature.
As shown in fig.2.4? after the MbCO molecule has absorbed 
one p h o ton? the e n e r g y  a b s o r b e d  is hv but the h e a t  e n e r g y  
released is & nhv (□<& <1). If this heat energy is absorbed by a 
volume of I iquid V Q ? then
in hv Y o P C p A T (2.14)
where p is the density of the liquid?
C p is the specific heat capacity of the liquid?
is the rise in temperature.
Hence /XT 6nhv (2.15)
and the volume expansion due to thermal expansion is then
A ^ l  = b V QA T
17
heat)
Fig. 2.4 Schematic diagram of the photoreaction 
of carboxymyoglobin.
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( 2 . 1 6 )b a phv
which is independent of V .
At the same time there is a direct volume effect 1 is
the difference in volume between the MbCO and the sum of the 
volumes of the Mb molecule and CO molecule.
So the total signal S(T)> which depends on temperature through 
b) is proportional to the total volume change* i .e.
sen o< A a  + A a




where A is the proportional constant.
For water at temperatures T around 4 DC* the thermal expansivity 
b can be expressed as
b (T ) = V( T - T 0 >
with T in °C and T Q = 4 aC .
Then S (T ) = A { A 7^ + V P nhv pc„ ( T - T a ) } (2 .10)
Hence *
19
A^ 2 5 < T n )A
dS A'Fdn hv
and —  = --------
dT p C p
Combining the last two equations; we obtain
A V2
V & n hv 5 ( T 0 )
C Q (dS/dT)P
(2.17)





3■1 Sample P r e p a r a t i o n
Myoglobin from sperm whale skeletal muscle in the Met 
form ( o x i d i z e d  form) p r o d u c e d  by S i g m a  C h e m i c a l  C o m p a n y  
(Type II) was used. The protein was dissolved in 0.1M? pH 7 
p h o s p h a t e  b u f f e r  - s o l u t i o n .  T y p i c a l  c o n c e n t r a t i o n  of 
myoglobin used was 0 . D5% by weight? having an OD=0.2/cm at 
515nm. The sample was filtered before measurement by passing 
it through two overlapping fi Iter membranes with spore size 
of 0.45 urn.
The f i Itered metmyog I ob i n (Met Mb) solution was then 
i n t r o d u c e d  into the p h o t o a c o u s t i  c cel I and N 2 gas was 
b u b b l e d  into it for 15 m i n u t e s  to r e m o v e  part  of the 
d i s s o l v e d  O 2 ■ A f t e r w a r d s ?  a si ightly e x c e s s  a m o u n t  of 
N a2S20^ was added to the solution to reduce the protein to 
the deoxy form (Mb) and to take up any remaining O2 which 
may otherwise bind to Mb to form the undesired oxymyoglob i n .
To p r e p a r e  the c a r b o x y m y o g I  ob i n (MbCO)? CO gas was 
gently bubbled into the solution containing Mb for about 
half a minute.
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I3.2 Samp Ig Charactsr i zat i an
The optical absorption spectra of Met Mb; Mb and MbCO 
were obtained by a Hitachi 22 OS spectrophotometer from the 
wavelength of 450 nm to 700 nm (fig. 3.1). Each sample has 
its own chara ct eri st ic spectrum and so it is possible to 
determine the exact state of the protein by inspection of 
the spectrum obtained.
In order to find the bond energy between Mb and CO from 
the photoreaction;
MbCO + h v ------- > Mb + CO •; (3.1)
a homemade dye laser was tuned to a wavelength such that 
both Mb and M b C O  have the s a m e  a b s o r b a n c e  ( i s o s e b e s t i c  
point). Inspection of fig. 3.1 revealed that between 450nm 
to 7 0 0 n m  j t h e r e  a r e  s e v e r a l  i s o s e b e s t i c  p o i n t s .  In 
principle? al I these points can be used in the experiment? 
however? only one of them were used in practice. It is A. 
=515nm. It was chosen because the slopes of the two spectra 
(Mb and MbCO) at these wavelengths were mare or less the 
same so that smaI I inaccuracies in the determi natio n of the
isosebestic or i n the output wave i1 ength of the dye laser
will cause only sma II errors to t h e-'r es u 1ts .
However in d u  r exper i ment of measuri ng the PA signal at

















Fig. 3.1 Optical spectra of myoglobin in the 
met form (Met Mb), deoxy myoglobin 
(Mb) and carboxymyoglobin (MbCO).
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was used instead of Mb because in our study? the PA sample 
cell, (discussed later) was designed for experiments at roam 
temperature only? so we had difficulty in preventing leadage 
□ f 0 2 into the protein solution when the cool i ng co i I was 
added into the cel I . Any trace amount of 02 wi I I bind to Mb 
to form the undes i red MbC^. We are now in the process of 
c o n s t r u c t i o n  of a new PA cell w h i c h  s h o u l d  s o l v e  the 0 2 
p r o b 1e m .
3.3 Instrumentat i on
The s c h e m a t i c  d i a g r a m  for the whole' e x p e r i m e n t  was 
shown in Fig. 3.2
As shown in the figure? the 515nm laser I ight from the 
dye laser was firstly splitted by a quartz slide plate? and 
the reflected beam was directed to a EG&G Mode I UV-44 4BQ 
photodiode to measure the laser energy . A smaI I part of the 
t r a n s m i t t e d  beam was f u r t h e r  spl itted to a n o t h e r  fast 
photodiode for synchronous triggering. The major transmitted 
portion of the beam was then focused by a converging lens 
with focal length of 1DD cm. The position of this lens can 
be varied so that the diameter of the laser beam irradiating 
on the sample can be adjusted to any value from smaller than 
0.3mm to greater than 2mm. Different laser beam diameters 
are required to produce PA signal of different frequencies. 
This transmitted beam was also made to passed through 5 set
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Fig. 3.2 Schematic diagram of the experimental set-up.
--- >  ■ ■ Optical path,
. - -- —  Electrical path.
□ f neutral density f i Iters in order to vary the laser energy 
incident on the sample.
The photoacoust i c signal induced was picked up by a 
P  i ezoe I ectr i c transducer at the bottom cf the sample cel ! . 
The signal was coup Ied to the f□ I lowing devices in sequence; 
they are the p r e a m p  I ifer ( T r o n t e c h  Made! U 5 0 0 H ) with 
gain=50; a variable attenuator (O-Bldb in- steps of O.ldb); 
another preamp I ifier (Technical Research and Manufacturing 
Inc. Model AD132) with ga i n = 3 0 ; a TRIO CS1060 60MHz CRO and 
final ly the Transiac transient recorder (100MHz digitizing 
rate; 5DMHz smaI I signal bandwidth; B bit resolution) which 
had been interfaced to a 6502 m i c r o p r o c e s s o r . The photodiode 
w h i c h  m e a s u r e d  the laser e n e r g y  was also c o n n e c t e d  to a 
Biomation 1010 transient recorder which was interfaced to 
another 6502 m i c r o p r o c e s s o r . The detai led function of these 
devices will- be described in later sections.
3.3.1 Dye Laser
*71A side-pumped dye laser; simi lar to that of H a n s c h ^ -1; 
was bu i It and the schematic diagram was shown in fig. 3.3. 
The pumping source was a Quanta-Ray Nd=Yag laser with pulsed 
w i d t h  of a b o u t  6ns to 10ns. A c y l i n d r i c a l  f o c u s i n g  lens 
( f =15 cm) is used to foc us the N d : Y a g laser light to a 
horizontal line just inside the cuvette dye cell to excite 
the dye solution within. This dye solution was stirred by a
26
Dye Laser output
Fig. 3.3 Schematic diagram of the dye laser.
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Fig. 3.4 Diagram of the prism beam expander.
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m a g n e t s t i r r e r a t the b o t t o m o f the ceii. The r e s o n a n t
cav i ty is formed by a grat i ng and a partial ly reflecting
q u a r t z p l a t e  (as o u t p u t  mi r r or). A p r i s m  beam e x p a n d e r
(fig.3.4) was placed inside the cavity to expand the beam 
from 1 mm in di am me ten to 12 mm l a t e r a l l y  so that the 
resolving power of the grating is greatly improved ( R=18D0
). The grating was controlled by a sine drive to select the 
wavelength of the dye laser output.
The performance of the dye laser was tested by using 
the fol I lowing three d y e s > Coumar i n 500? Kiton Red and DCM. 
Their output wavelength against sine driver position were 
p l o t t e d  in fig. 3.5? 3.4 and 3.7. The r e s u l t s  were 
s u m m a r i z e d  in T a b l e  3.1. F r o m  t h e s e  graphs? the d e s i r e d  
output wavelength could be obtained by adjusting the sine 
drive to the apprapia te  position.
Table 3.1 Efficiency of Dye Laser





(at 3mJ pump i n g )
C 5E3D 355nm 512nm 10%
K i ton Red S32nm 565nm 15%










Sine drive counter reading
Fig. 3.5 Calibration curve of the dye Coumarin 500.
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Sine drive counter reading
Fig. 3.6 Calibration curve of the dye Kiton Red 620.
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Sine drive counter reading 
Fig, 3.7 Calibration curve of the dye DCM.
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3 . 3 . 2  T r a n s d u c s  r s
Three ultrasonic pizoelectric ceramic transducer 
d i f f e r e n t  r a n s o n a n c e  f r e q u e n c y  w e r e  used to pick 
p h o t o a c o u s t  i c 5 i gn a I . T h e  t r a n s d u c e r s  a n d  




t h e i r
T a b l e  3 . 2  L i s t  o f  P i e z o e I e c t r i c  C e r a m i c  T r a n s d u c e r s





Panametr i cs V306 Long . 2.25 MHz 0.5 in -v e
Eta 1 an 1-6054 Long . 5.0 MHz 0.3 in fve
Ho mem ad e^ Long . 0.5 MHz 0.5 in fve
N.B. 1. Lang, meams longitudinal made.
2. +ve polarity means the voltage is +ve on 
compression.
3. A sketch of the homemade transducer was shown in 
tig. 3.8.
3.3.3 Preampl ifiers
Two broad band (lOOKHz to 3 0 M H z ) preampl ifiers were 
used) one w i t h  gain = 50 (T r o n t e c h  Model LJ500H) and the.
other with gain = 30 (Technical Research and Manu facturing 
Inc. Model AD132). The input and output impedance of them 
are 50 . In addition to the two amp I ifiers? the vertical
amp I if ier of a TRIO CS106Q 60MHz CRO was used as a third 
stage amp I if ier (gain = 2 to 10 ) and for delay triggering 
of a T r a n s i a c  t r a n s i e n t  recorder..- D e l a y  t r i g g e r i n g  was 
necessary because the PA signal usually takes more than lOus 





Fig. 3.8 Homemade piezoelectric transducer.
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normally set at the fastest digitizing rate of lDns/point. 
This rate was chosen because this gives more data points in 
the signal so that the error in data analysis is reduced. 
The final output of these preamplifier was adjusted to about 
□ . 3V TO 0.4V (peak to peak value) which matches with the 
input r a n g e  of the t r a n s i e n t  r e c o r d e r  w h i c h  is f i x e d  at 
0.512V fulI scale.
3.3.4 P h otod i odes
In the e x p e r i m e n t ;  two p h o t o d i o d e s  .were used. One 
photodiode (EG&G Mode I UV-4443Q) with active area of i cm*~ 
was used to measure the dye laser energy. The other one (HP 
5 0 8 2 - 4 2 0 0  P I N  p h o t o d i o d e )  w i t h  r i s e  t i m e  of s e v e r a l  
nanoseconds was used for synchronous triggering of the CPO 
and Biomat ion transient recorder. During the experiment; the 
dye laser output energy took time to develop to its maximum 
value; the HP photodiode (for generation trigging signal) 
was first blacked by a black paper unt i I the dye laser had 
developed to its fulI energy output (usually after several 
pumping shots). Then the black paper was removed and the 
system worked synchronous Iy.
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3 . 3 . 5  Da t a  A c q u i s i t i o n  Sys t em
3 . 3 . 5 . 1  General D e s c r i p t i o n
In the experiment; the PA signal induced by one laser 
shot was picked up by a p i ezoeIectr i c ceramic transducer; 
amplified by several amplifiers; and finally recorded by a 
Transiac model 2001; 100MHz 8-bit transient recorder. In the 
transient recorder; the entire PA signal was digitized to 
1024 sampling points. A Transiac model 6002 general-purpose 
C A M A C  c r a t e  c o n t r o l  ler was used to act as an e x t e r n a l  
registers to hold CAMAC commands ( N;F;A ) iand data to/from 
a 6502 m i craprocessor via an interface card. The circuit 
diagram of the interface card was shown on fig. 3 . 9 .
3.3.5.2 Software (program design)
The purposes of using the m i crocomputer are to carry 
out signal averaging and store the data on diskettes for 
analysis. Since the laser was operated at a 10Hz repetition 
rate; over ten t h o u s a n d  w o r d s  m u s t  be p r o c e s s e d  in one 
second. Hence the data col Iecting subroutine (cal led CAMAC) 
was w r i t t e n  in m a c h i n e  l a n g u a g e  so as to r e d u c e  the 
processing time. The implemented BASIC main program (called 
C A M A C B A S )  was u s e d  for p a r a m e t e r  input; far cal I ing the 
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Fig. 3.9 Interface card circuit diagram
Fig. 3.10(a) Main program (CAMACBAS).
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CAMAC )
Fig. 3.10(b) Machine language subroutine (CAMAC)
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data storage. The BASIC program and the machine language 
subroutine are I isted in the Appendix. The f lowchart of the 
programs are shown in fig. 3.10.
3.3.6 P h o t o caoustic Cel I Structure
A real size sketch and a photograph of the PA cel I for 
d i rect. coupling measu re men t are shown in fig. 3.11 and fig. 
3 . 1 2  r e s p e c t  i e I y . In ord er to p r e v e n t  c o r r o s i o n  and to 
minimize po ss ible c o n t a m i n a t i o n  of the p r o t e i n  s o l u t i o n ;  
s t a i n l e s s  s t e e l  w a s  c h o s e n  as t h e  m a i n  c o n s t r u c t i o n  
m a t e r i a l . Four fused quartz windows (two are not shown) are 
s e a t e d  in s t a i n l e s s  steel f l a n g e s  as shown;  and v i t r o n  
0 - r i n g s  are u s e d  b e t w e e n  the q u a r t z  w i n d o w  and the end 
surface of the cel I . The inside surfaces af the cel I near 
the top of the window were drilled siantly to avoid trapping 
of air bubbles there. At the side of the window; a magnetic 
s t i r r e r  was p l a c e d .  The s t i r r e r  was' c o n trol led by a bar. 
m a g n e t  st i e k e d  to a e l e c t r i c  m o t o r  p l a c e d  o u t s i d e  the 
window. The stirrer speeded up the deaeration process and 
enhanced the dissolving speed of reducing agent (Na2S 20^) 
and the dissolving of CO gas. Piez oelectric transducer was 
situated in a mount and was pressed tightly by side screws 
to ensure that, it would not move during the experiment. The 
transducer; which was fixed in the mount; was then pIuged 








Fig. 3.11 PA cell in real size.
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Fig. 3.12 Photo of the PA cell.
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direct c d u d I i ng measurement. The stainless steel top cover 
can be s c r e w e d  t i g h t l y  to the cell w ith an Q - r i n g  in 
between. As a result; the whale cel I was made air tight. 
Finally the cell was firmly fixed an a optical bench.
3.3.7 Temperature Control
In order to find the bond energy and the volume change 
after photolysis? it is necessary to measure the PA signal 
as a function of temperature.
Since the expansivity of water is zero at 4°C> there 
will be no PA signal detected at this temperature if the 
photoexcited sample decays by releasing heat only. The fact 
t h a t  any signal is seen at 4 DC impli es t hat the p r o t e i n  
u n d e r g o e s  a v o l u m e  c h a n g e  a f t e r  p h o t o e x c  i t i on > from the 
data? the v o l u m e  d i f f e r e n c e  b e t w e e n  Mb and M b C O  can be 
determined.
A coiled stainless steel pipe? ..connected to a HAAKE 
C i r c u l a t o r  ( D 8 - G ) ? was p l a c e d  into the cell. N - p r o p y I  
alcohol was used as the circulating coolant because of its 
low freezing point (~124^C) and rather high boi I ing point 
(97^C). The t e m p e r a t u r e  of the s a m p l e  was m e a s u r e d  by a 
Cop per-Constan tan thermocouple placed into the cel I from the 
edge of a side window.
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3.4 Experimental Procedures
3.4.1 Signal Amplitude Adjustment
In the e x p e r i m e n t ;  the PA signal was m e a s u r e d  as a 
function of laser energy. At low laser energy; the PA signal 
was v e r y  small. In o r der to f ully u l t i l i z e  the 8 - b i t  
a m p l i t u d e  r e s o l u t i o n  of t h e  t r a n s i e n t  r e c o r d e r ;  t h e  
amp I if ication of the PA signal must be varied during the 
e x p e r i m e n t .  T h i s  was a c c o m p l i s h e d  by a d j u s t i n g  t h e  
a t t e n u a t o r  a f t e r  t h e  f i r s t  s t a g e  p r e a m p  I i f i e r .  T h e  
at te nuation at large laser energies was seti to about ID dB 
and was reduced to □ dB for smaI I laser energies.
3.4.2 Myoglobin Experiment at Room Temp erature
During each experiment; 15 cm^ of fi Itered myoglobin 
s o l u t i o n  (in Met s t a t e )  was r e q u i r e d .  If the s a m p l e  was 
previously prepared and was kept in a refr i g e r a t e r ; it must 
be taken out in advance, and left at roam temperature for 
about half an hour unt i I it was almost in equ i I ibrium with 
room temperature. The optical spectrum of the sample was 
checked. Then the sample was pipetted into the photoac ousti c 
sample cel I . N2 gas was bubbled to the sample at a moderate 
rate through a paster i zed pippet with a lump of glass wool 
inside as a filter. At the same time; the stirrer was turned
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n n to s p e e d  up the d e a e r a t i o n  p r o c e s s .  A f t e r  a b o u t  15 
minutes* the bubbling process was stopped and a' slightly 
excess amount of N a2S204 was introduced into the sample to 
obtain de oxymyogIabin (Mb). After about half a minute* the 
stirrer was turned off.- About 1 cm~ of the freshly prepared 
deoxymyog I ob i n in the cell was extracted and its spectrum 
was again checked with a spectrophotometer to make sure it 
is in deoxy form. Then the remaining sample in the air-tight 
cel I was excited by a 10Hz repitition rate laser pulse with 
energy of about O.OlmJ/pulse at 515nm. Amplitude adjustment 
was performed here by varying the attenrator unti I the peak 
to pea k a m p l i t u d e  of the PA signal was ; a b o u t  0 . 4 V  as 
observed by a C R O . After the adjustment* the PA signal was 
r e c o r d e d  b y  t h e  T r a n s  i a c t r a n s i e n t  r e c o r d e r .  T h e  
c o r r e s p o n d i n g  l a s e r  i n t e n s i t y  ( n e c e s s a r y  f o r  t h e  
n o r m a l i z a t i o n  of P A  s i g n a l )  w a s  m e a s u r e d  by a n o t h e r  
t r a n s i e n t  r e c o r d e r  ( B i o m a t i o n  1010) s y n c h r o n o u s l y  via a 
p h o t o d i o d e .  T h e  PA s i g n a l s  w e r e  m e a s u r e d  at s e v e r a l  
different laser energies in order to obtain the dependence 
of the signal on laser energy.
Then CO gas was bubb I ed i nto the cell which conta i ned 
the deoxy-Mb to obtain the MbCO and the same pho t oacous t i c 
experimental procedures as described above were repeated. At 
the end of the experiment* the optical spectrum of the MbCO 
was again scanned to make sure that the sample was sti I I in 
car boxy f o r m .
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The above experiment were repeated several times with 
d i f f e r e n t  laser b e a m  d i a m m e t e r  so t hat PA s i g n a l s  with 
d i f f e r e n t  f r e q u e n c i e s  were o b t a i n e d .  By e x a m i n i n g  the 
w a v e f o r m  of t h e  p h o t o a c o u s t i c  s i g n a l s  at d i f f e r e n t  
f r e q u e n c i e s ?  we w o u l d  be a b l e  to o b t a i n  i n f o r m a t i o n  on 
relaxation processes which may occur after the photolysis.
3.4.5 Tempera tu re Dependence of PA 5ignal
This experiment was done on Met Mb and MbCO separately. 
Far the Met Mb? 15 cm^ of this sample was pipetted into the 
sample cell and the whole sample cell was< cooled dawn to 
near Q DC by a cool i ng co i I as descr i bed in section 3.3.7. 
The t e m p e r a t u r e  was kept c o n s t a n t  and the PA signal was 
r e c o r d e d .  The s a m p l e  was s l o w l y  w a r m e d  up and the PA 
measurement was repeated at several temperatures up to about 
2 3 DC (room t e m p e r a t u r e ) . The intensity of the laser pulse 
used was kept at D.5 mJ/cm /pulse.





4.1 Cal ibration of the experimental set-up
To m ake s u r e  that the s e t - u p  w o r k s  p r o p e r l y ?  R&G? 
Anthracene and Florenone dissolved in spectroscopic grade 
ethanol were used as samples for calibration. Uhen these 
samples were p h o t o e x c i t e d ? a fraction (in ) of the photon 
energy decays nonradiativ ely with the energy deposited into 
the m e d i u m  as heat w h i l e  the r e m a i n i n g  f r a c t i o n  ( 1 - 4 n ) 
decays by f I u o r e s c e n c e . AlI these decays occur very quickly 
( c o m p a r e d  to the t r a n s d u c e r  r e s p o n s e  time) and t h e s e  
compounds undergo little or no photochemical degradation. By 
c o r r e l a t i n g  the PA signal of t h e s e  s a m p l e s  with their 
different values of 4 n ? it is thus possible to check whether 
the magnitude of the PA signal is indeed proportional to the 
heat released.
The absorban ce  (OD = Q.2cm~^) of the three chemicals
were made to be the same as that of our protein solution. A 
set of data was obtained by performing the photoacousticaI 
experiment on the three samples separately. For each sample? 
the PA signals and the cor responding laser energies were 
recorded and stored on diskettes. During each set of data? 
the d i a m e t e r  for the laser b eam was kept u n c h a n g e d .  In 
fig.4.1 to fig.4.3? the PA signal of the three samples were
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Fig. 4.2 Plot of PA signal versus laser energy of 






8Laser energy (relative scale)
Fig. 4.3 Plot of PA signal versus laser energy of 






Laser energy (relative scale)
Fig. 4.1 Plot of PA signal versus laser energy of 






plotted against laser energy at different frequencies.
From these graphs? it can be seen that the plot of PA 
signal a g a i n s t  laser e n e r g y  is a s t r a i g h t  line for e ach 
c h e m i c a l  but with a small d e v i a t i o n  from the origin.  In 
order to compare the fraction of the photon energy absorbed 
which was released later as heat? the slope of each I i ne was 
calculated and the ratio of these slopes was obtained. The 
r e s u l t s  w e r e  p r e s e n t e d  on T a b l e  4.1. In Tab.le 4.2? the 
values of 4 measured from fluorescence yields were listed. 
It can be seen that our results are in good agreement with 
those listed in Table 4.2 and those obtained by Rothberg et 
a l . within experimental error. Hence we can conclude that 
the magnitude of the PA signal (area of the first half of 
the PA signal waveform) is indeed proportional to the heat 
released.
In our experiment? the 2.25 MHz transducer was used 
most frequently so the cal ibtration was done mainly on this 
transducer. A cal ibration graph for the 5MHz transducer was 
also carried out and the results were summarized in Table 
4.1.
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Tab Ie 4.1 Ratio of PA signal for R4G? Anthracene and 





PA signal Rat i o 
‘ Antracene *• FI orenone









2.25 MHz QOO KHz
i
0.55 0.84 \
\ Av > C'l R
1
2.25 MHz 1.4 MHz 0.51
0 • 5  : 4 - £ 5 
3 -c2 ^ ■ 7 3 1
2.25 MHz 2.3 MHz 0.55 0.80 1
5.00 MHz 3.0 MHz 0.53 0.77 7 1
o
Result of Rathberg 
and couorkers
0.52 0.84 1
Tabie 4.2 Quantum Yields for fluorenone? anthracene and 
R 4 G a .
4 n Rat i o
f 1 uorenone 0 .91 1
anthracene 0. 48 0. 75
rhodami ne 4G 0 .41 0. 45
a. Data are from "Handbook of Chemistry and Physics" 
R.C.Weast e d . j CRC Press? Cleveland? 1975.
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4 . 2  N o n l i n e a r i t y  o f  PA s i g n a l  o f  P h o t o l y s i s  o f  MbCO a t  H i g h
Laser Intensity.
Since part of the energy absorbed is used to break the
bond between Mb and CO molecules; the PA signal of MbCO at a
given laser energy must be smaIler than that of Mb which has
a known 4 =1 . However; we have observed that at high laser n
intensity; the PA signal of MbCO was comparable to that of 
Mb; but at low laser intensity; the PA signal of MbCO was 
clearly smaIler than that of Mb. An experiment was specially 
designed to study this nonlinear effect. In this experiment; 
the laser beam was focused tightly (~D.2mm in diammeter) to 
p r o d u c e  a PA signal of f r e q u e n c y  a b o u t  3 M H z . The laser 
energy was varied by using neutral density filters ranging 
from OD=D to 0D=1.8; so a wide range of laser intensity was 
o b t a i n e d .  E x p e r i m e n t  was d o n e  on b o t h  the Mb and M b C O  
sample. The PA signal plotted against laser energy is shown 
on fig. 4.4. It can be seen that the PA signal of Mb varies 
I i near I y with the laser energy but that of MbCO does not. 
The r e a s o n  for this n o n l i n e a r i t y  will be d i s c u s s e d  in 
chapter 5. As shown in fig. 4.4; when the laser intensity is 
small (<□.5 m J /c m ^ / p u I s e ); a linear relationship was obtained 
( f i g . 4 . 5 ) ;  so t h e  l a s e r  i n t e n s i t y  w a s  k e p t  b e l o w  















Laser intensity (mJ/cm /pulse)
Fig. 4.4 PA signal versus laser intensity graph of Mb 
and MbCO. Nonlinear effect is observed for 
MbCO.















Laser intensity o(mJ/cmv pulse)
Fig. 4.5 Plot of PA signal versus laser intensity of Mb 
and MbCO at low laser intensity. Linearity of 
MbCO is observed.
( Signal frequency^ 2MHz )
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4 . 3 . 1  PA s i g n a l  a t  h i g h  f r e q u e n c y  ( ~2  MHz)
As mentioned in section 2.2 that when the temperature 
is at 4°C; there wi M  be no PA signal which resulted from 
thermal relaxation. Any PA signal observed will be due to 
volume effect.
The PA signals of Met Mb and MbCO at about 2 MHz were 
r e c o r d e d  at d i f f e r e n t  t e m p e r a t u r e s .  The n o r m a l i z e d  PA 
s i g n a l s  (PA s i g n a l / l a s e r  e n e r g y )  were p l o t t e d  a g a i n s t  
temperature in fig. 4.4 and fig. 4.7. It can be seen that
the PA signal of Met Mb is z e r o  at T 1° C w h i l e  the
c o r r e s p o n d i n g t e m p e r a t u r e  far M b C O  is at ~11°C. The
experiment was repeated for the buffer solution by using
laser pulse at lD44nm as the excitation I ight source and the 
result obtained (fig. 4.8) is also a straight line with the 
PA signal b e i n g  zero a lso at T~1° C .  The fact that the 
temperature T c is not 4°C as we expected may be due to that 
the t h e r m o c o u p l e  c o u l d  not be p l a c e d  at the i l l u m i n a t e d  
r e g i o n  and the t e m p e r a t u r e  w i t h i n  the s a m p l e  was not 
uniform; or that the presence of phosphate ions cause the 
s o l u t i o n  to h a v e  a zero thermal e x p a n s i v i t y  at a lower 
temperature of ~ 1D C .
U s i n g  least s q u a r e s  m e t h o d ;  the e q u a t i o n  of the 
straight I ine in fig. 4.4 (Met Mb) is found to be

























Fig. 4.8 PA signal (~ 2 MHz) of the phosphate buffer 
solution at different temperature.
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□.475 T □ .432 (4.1)^Met
where ^Met '5 "t i^e nDr>nial ized PA signal of Met Mb; and 
T is the temperature in DC.
The amp I itude of the PA signal of Mb differs (by only a 
constant factor) from that of Met Mb? and this results from 
the difference in optical absorption of the two samples at a 
given wavelength. In both cases; essential ly 1 □ □ % of the 
photon energy absorbed is released as heat by nonradiative 
r e l a x a t i o n .  For = 5 1 5 n m ;  this p r o p o r t i o n a l  c o n s t a n t  is 
found experimentally to be Met Mb : Mb = 1 : □.911. Hence
us i ng eq . (4.1); the equat i on relating the norma 1 i zed PA
5 i g n a 1 and the temperature for Mb is
S Mb = D.424 T - 0.377 (4 .2)
where S Mb is the normalized PA signal of M b . Note that the
reason Met Mb was used i nstead of Mb in this study was that
we had d if f i c u 1 t y in p r e v e n t ing l e a k a g e  of O 2 into the
protein soi 1 ut i on when the coo 1ing coil was added i nto the
cell. Any trace amount of O2 will bind to Mb to form the
undes ired M b02- We are now in the process of construct i or1 of
a new PA cel I which should solve the C>2 leakage problem.
The relation for MbCO can be obtained by least squares
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(4.3)
fitting of the data in fig. 4.7; and the result is
SCQ = 0.364 T - 3.926
where S q q  is the normal ized signal of MbCO sample.
The fact that S q q  retains a large negative value at 
~ 1 ° C  i n d i c a t e s  that M b C O  u n d e r g o e s  a v o l u m e  c o n t r a c t i o n  
after photolysis and this effect must be corrected in the 
calculation of bond energy. Assuming this volume contraction 
is independent of temperature; the bond energy can be found 
by
bond energy
0.140 hv (at 5 1 5 n m )
7.8 kcal/mol
Furthermore; the volume change of MbCO after photolysis
is found to be -7cm^/moIe (contraction) from e q . (2.19);
us i ng
T q = - □ . 8 9 9 aC (from eq.(4.2))
W V  = -3-5**
-3.599
-9.8 9 a C
(dS/dT) □ .364
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t o g e t h e r  with the p u b l i s h e d  v a l u e  of Y: ? and C p far
22water*’ . -
Fig. 4 . 8  shows the s h a p e  of the PA s i g n a l s  of the 
myoglobin solution at different temperatures. Note that ? as 
mentioned above? the signals diminish to zero at 0.9 c C and 
11°C for Met Mb and MbCO? respect i v e I y .
4.3.2 PA signal at about 5DD KHz
The shape of the PA signal for MbCO at about 5D0kHz is 
different from that of Met Mb as shown in fig. 4.7. The PA 
signal for MbCO is considerably broader which implies that 
there is additional slower relaxation process for Mb. This 
effect? however? can only be observed at frequencies lower 
than 1 M H z .
The PA signals of Met Mb (line(a)) and MbCO (line(b)) 
at different temperatures are shown in fig. 4 . ID.
The r e s u l t s  for Met Mb is very s i m i l a r  to t h o s e  
obtained at higher frequencies (2MHz case) and the variation 
of PA signal amp I i tude with temperature can be represented 
by
S ' Met = 3.53? T - 4.845 (4.4)
Using simi lar argument as in last section? the correspond i ng 







Fig. 4.8' PA signal waveform of Met Mb and MbCO at different 






















Fig. 4.9 Broadening of PA signal of MbCO 
with respect to that of Met Mb. 
(at room temperature)















Fig. 4.10 Plot of PA signal versus temperature
for Met Mb and MbCO (line (a) and (b)). 
Line (c) is obtained by substracting 
the volume effect from the PA signal.
at other temperatures in MbCO case. 
(Signal frequency~500kHz)
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3.18 T - 4.35 (4.5)
Far MbCO; the PA signal a m p l i t u d e  shows an a b r u p t  
change at around 8 DC . An inspection of fig. 4.9 reveals that 
this i r r e g u l a r  b e h a v i o r  may be due to the fact that the 
observed signal is the combination of signals generated by 
thermal relaxation and by volume contraction of the MbCO 
a f t e r  p h o t o l y s i s  and s o m e  a d d i t i o n a l  s l o w e r  r e l a x a t i o n  
p r o c e s s e s .
In o r d e r  to c o r r e c t  for the v o l u m e  e f f ect; the PA 
signal at ~1°C (from volume effect only) i 5 .;substracted from 
the PA signal at other temperatures. The final result is 
shown in fig. 4 . ID (line(c)) with
SC(y  = 2.81 T - 1.947 (4.6)
where S q q -1 is the PA signal for MbCO.
’ slope of eq. (4.5) - slope of eq. (4.6)
So ; Bond Energy = ---------------------------------------------------  hv
slope of eq. (4.5)
= 0.12D hv
= 6.7 kcaI/mo I e
H o w e v e r ;  it s h o u l d  be n o t e d  that; b e c a u s e  of the 
additional slower relaxation processes for MbCO; the bond
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energy obtained in this case is not very rel i ab I e . For the 
same reason; no attempt was made to calculate the volume 
change from the data.
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C h a p te r  5
D i 5CU55i on
5.1 Nonlinear Effect of the Photolysis of MbCO
It is found that when the laser intensity is high; the PA 
signal of MbCO approaches that of Mb. This means that only a 
small portion of the laser energy is used for dissociating the 
MbCO molecules and most of the photons are a b s o r b e d rhy the Mb 
molecules which is one of the products of the dissociation. 
This effectj if not corrected? wi I I introduce large error to 
our cone I us i o n .
In this section? a simple theory is presented to show that 
the laser intensity must be kept at a sma I I value far the PA 
experiment of MbCO. In the photolysis of MbCO? the fol lowing 
reaction wi I I occur?
MbCO + h v ------> Mb + CO + (5.1)
where A ^  is the heat released.
T h i s  r e a c t i o n  is of p i c o s e c o n d  order^-® " ^  . S i n c e  the laser 
pulse width is of nanosecond order? the Mb molecule resulted 
from the d i s s o c i a t i o n  of M b C O  m o l e c u l e  c o u l d  be e x c i t e d . b y  
another photon during the same laser pulse. If so? then the 
following reaction will occur?
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Mb r hv > Mb + /\H2 (5.2)
with /\ ^ 2  = anc* ^
The frequency of the occurence of reaction (5.2) may be larger 
than one if the laser intensity is sufficiently high.
Since both /\H^ and A h ^  will contribute to the PA signal 
but we only want that from /\ h so the laser intensity must 
kept at a low value to reduce the frequency of occurence of 
reaction (5.2).
Let N be the number of MbCO molecule at the beginning (t=D)> 
o~ be the reaction cross section of MbCO* and Mb 
(taken to be the s a m e ) j 
I be the laser power intensity; 
ng be the number of MbCO molecules at time t; 
n^ be the number of Mb molecules from dissociation of 
MbCO in reaction (5.1);
n2 be the number of Mb molecules that has been excited 
by one photon before during the same laser pulse.
n^ be the number of Mb molecule that has been excited 
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hence; the total number of Mb molecules that had been excited 
by photon is;
n2 + + n k + N “ n a — n i
no + ......  + Hi. + .......d e f i n e  F = ------------------------------------------------------------  ( 5 . 1 1 )
N
Here F is the fraction of molecules that absorb two or 
more photons within the duration of the laser pulse.
then F = 1 -  e_cfIt ( 1 + c T I t  ) ( 5 . 1 2 )
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If the laser pulse (~ 4 ns) energy is 0.1 mJ and focused to 
0.5 mm in d i a m m e t e r j then
(It) ~4 X ID*7 photon/cm^
o" - 2.3 X 10“ 17 cm2
then • F = 0.77?
If the laser intensity is reduced by 10 times? then 
F = 0.235
If the laser intensity is reduced by 50 times? then 
F = 0.015
So in our e x p e r i m e n t ?  the laser i n t e n s i t y  is kept at a b o u t  
0.5 m J /cm2 /puIse or less which corresponds to F=0.015. 
less in the experiment, (value confirmed by experiment)
In equation (5.12)? as I— >oa? F — >1? this means that when 
laser intensity is high? only a very small portion of photons 
are used for dissociation of the MbCO molecule and most of the 
photons are absorbed by the Mb molecules which come from the
dissociation of MbCO. On the other hand? when I —  >0? F — >0? 
most of the photons are absorbed by the MbCO. It is obvious
that the two extreme cases are physically reasonable.
Section 4.2 shows that there is nonlinear effect in the
photolysis of MbCO and the result is consistent with the above 
t h e o r e t i c a l  e s t i m a t i o n .  In fi.g. 4 . 4 ?  t h e  l a s e r  e n e r g y
dependence of PA signal is a straight line for Mb which implies 
that the laser intensity used does not induce effects such as
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the two photon effect; non I inear Raman scatter i ng etc. in our 
exper i m e n t .
In the a b o v e  t h e o r e t i c a l  c a l c u l a t i o n ;  the a b s o r p t i o n  
cross-sect i ons of Mb and MbCO were taken to be the same; this 
was because the laser light used in our experiment was set at a 
wavelength that the two samples had the same absorbance. Also; 
an i m p l i c i t  a s s u m p t i o n  was made in e q u a t i o n s  (5.3); (5.4);
(5.5) a n d  (5.6) t h a t  the p h o t a e x c  i t e d . m y o g l o b i n  m o l e c u l e s  
relaxed instantaneously. It was justified by the fact that the 
MbCO molecule relaxed within lDps after photaexcited and the Mb 
relaxed in the p i co-second time scale after photaexc i t'ed.
5.2 Determination of the Bond Energy
In the s t u d y  of the p h o t o l y s i s  of MbCO; the a b s o l u t e  
magnitude of the PA signal need not be known since the quantum 
yield (&n ) of Mb is known to be 1 and that the photo Iysed MbCO 
decays only nonradiative I y . So a comparison of the PA signal of 
Mb and MbCO gives the quantum yield of MbCO.
The bond energy of 7.S kcal/mol obtained can be compared 
to that of ID.5 kcal/mole measured by A n t o n i n i ^ .  The method 
they used was by determining the equ i I ibrium constant of the 
foI lowing replacement reaction at different temperatures)
M b 0 2 + CO 'V — N MbCO + 0 2 
The equi I ibrium constant of the reaction
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KMb + CO ;— ^ MbCO
cannot be determ ined accurately because it is too h i g h . So the
b o n d  e n e r g y  was m e a s u r e d i n d i r e c t l y and the n u m b e r thus
obta i ned is 1 ess r e 1 i a b 1e . N e v e r t h e 1 ess ; i t can be seen that
the two numbers are in reasonable agreement with each other.
5.3 Volume Effect
Far the volume effect estimation; we find that there is a 
volume change of -7 c.c./mole or -1.2 X 10 ^ m /molecule for 
MbCO after photolysis. Since it is a negative value; it is a 
contraction. This is a very sma I I number when compared to the 
volume of a myoglobin molecule which is about 4x10 mJ . The 
result is quite reasonable since the Mb molecule is likely to 
became larger after binding a CO molecule inside. This volume 
change ( 1 0 ~ ^ m ^ )  is about 20 times that of a hydrogen atom.
To our knowledge; this is the first time that the volume 
c h a n g e  is o b s e r v e d  in a p h o t o a c o u s t i c  e x p e r i m e n t .  S i m i l a r  
effect may also exist in related works by other workers.
5■4 Existence of Slaw Relaxation
The results at section 4.3 show that at low frequencies 
(<lMHz); the PA signal of MbCO is broadened when compared to 
that of Mb. This indicates that additional slower relaxatianal 
processes are present in MbCO. One plausible candidate for such
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relaxations is the '’•’germinate recombination'1' of CO to Mb which
o  y
o c c u r s  in a t ime s c a l e  of l Q D n s ^  . A c c o r d i n g  to s t u d i e s  by 
H e n r y  et a l . ^  ? u p o n  p h o t o l y s i s  of a M b C O  s a m p l e  ( s o l u t i o n  
saturated with CO) > about 7 □ %> of the Mb recombine with CO in 
the solution in a time scale of millisecond which is too slow 
to give a PA signal in our frequency range. However; about 10% 
of the Mb combine with CO trapped in the heme pocket (germinate 
r e c o m b i n a t i o n ) ; and this may explain the broadening observed. 
A n o t h e r  p l a u s i b l e  c a n d i d a t e  w h i c h  m a y  a c c o u n t  for t h e  
b r o a d e n i n g  is p r o t e i n  c o n f o r m a t i o n a l  r e l a x a t i o n s ?  i.e. the 
entire protein framework needs extra time (~100ns) to relax 
back to the equi I ibrium Mb conformation after CO is flashed off 
even though the relaxation of the binding site occur in a much 
faster time. In doing so; heat is released and volume changes 
may o c c u r .
In order to distinguish between such conjectures? we need? 
in the f u t ure? to F o u r i e r  a n a l y z e  the PA signal so as to 
e x t r a c t  the a m p l i t u d e  of the PA signal in d i f f e r e n t  t i m e  
s c a l e s .  T h i s  may e n a b l e  us to tell if the s l o w l y  r e l a x i n g  
component is consistent with the number expected from germinate 
recombination or other processes.
74
Chapter b
Cone I us i pn
By using the technique of photoacaustic calorimetry; 
the fcl lowing reaction was studied;
MbCO + hv------> Mb + CO +
The energy required to break the bond between Mb and CO is 
found to be 7.8 kcal/mole.
It was also discovered that the volume of MbCO molecule 
is greater than that of the sum of Mb plus CO molecule by
1 . 2  X 1 □ “ ^ m ^  t h r o u g h  t h e  a n a l y s i s  of t h e  t e m p e r a t u r e
dependence of the PA signals.
One other point worth noting is that in the photolysis
of MbCO sample; the laser i ntens i t y ' had to be kept below
Q . 5 m J c m - ^ / p u l s e  in o r d e r  that the PA signal will v a r y
linearly with the laser energy. A simple analysis to explain 
this effect has been made.
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Append u x
The ma i n BASIC program is 1 isted as f o 1 lows :
ID REM ***************** * * * * * * * * * * * * * * * * * * * * * ** * * * * * * * * * * * * * * * *
2D REM * *
3D REM * DATA ACQUISITION SYSTEM *
40 REM * *
5D REM * TRANSIAC TRANSIENT RECORDER TO APPLE II *
60 REM * *
70 REM ********** * * ** * * * * * * * * * * * * * * * * * * * * * * * * ** * * * * * * * * * * * * * * * *
72 REM * *
74 REM * PROGRAM NAME * CAMACBAS *
76 REM * *
78 REM * PLUG INTERFACE CARD INTO SLOT 2 ‘ *
QD REM * *
82 REM * BLOAD MACHINE LANGUAGE SUBROUTINE "CAMAC" *
84 REM * BEFORE EXECUTION *
86 REM * *
88 REM * AUTHOR : LIU CHI KIN *
87 REM * *
70 REM * * * * * * * * * * * * ** * * * * * * * * * * * * * * * * * * * * * * * * ** * * * * * * * * * * * * * * * *
75 REM
100 HIMEN = 28671 = REM $1FFF
105 GOSUB 2000 : REM SET UINDOU OF THE SCREEN
110 VTAB (5)
120 PRINT "PRETRIGGER SETTING"
130 PRINT
140 PRINT "0 FOR 0"
150 PRINT "1 FOR 1/8"
160 PRINT "2 FOR 2/8"
170 PRINT "3 FOR 3/8"
180 PRINT "4 FOR 4/8"
170 PRINT "5 FOR 5/8"
200 PRINT "6 FOR 6/8"
210 PRINT "7 FOR 7/8"
220 PRINT
230 PRINT "INPUT YOUR CHOICE:"
240 INPUT TG
25D HOME ■: VTAB 5
260 PRINT "SAMPLING INTERVAL SETTING:"'
270 PRINT
280 PRINT "0 FOR IONS"
270 PRINT "1 FOR 2DNS"
300 PRINT "2 FOR 50NS"
310 PRINT "3 FOR 100NS"
320 PRINT "4 FOR 200NS"
330 PRINT "5 FOR 500NS"
340 PRINT "6 FOR 1000NS"
350 PRINT "7 FOR EXT CLK"
360 PRINT
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37D PRINT "INPUT YOUR CHOICE = "
380 INPUT TM
385 IF (TM < □> OR (TM > 7) GOTO 260 
390 T2 = INT(TM / 4)
400 T 1 = (INT ((TM / 4 - T2) * 4 + 0.05)) * 64
410 T = TG + T1 + 40
420 POKE 32767 , T : REM $7FFF
430 POKE 3 2 7 6 6 , T2 = REM $7FFE
500 REM INPUT NUMBER OF SHOT N
510 HOME : VTAB 5
520 PRINT " INPUT NUMBER OF SHOT, N"
530 PRINT
540 PRINT "0 < N < 60D00" : PRINT 
550 INPUT N = N = INT (N)
560 IF (N < 1) OR (N > 60000) GOTO 520 
570 VTAB 5
580 PRINT "NUMBER OF SHOTS = " ; N
570 LN = INT ((N/256 - INT ( N / 256))
600 HN = INT (N/256)
610 POKE 3 6 608,LN = REM $8F0Q
620 POKE 3 6 607,HN : REM $8F01
630 POKE 3 6 6 1 2 , LN : REM $8F04
640 POKE 3661 3 , HN : REM 48F05
650 REM
660 REM INPUT M 
670 REM
680 HOME s VTAB 5
670 PRINT "FOR EVERY M PULSES A 'AJ UILL"
700 PRINT "DISPLAY ON THE X C R E E N ."
710 PRINT
720 PRINT "0 < M < 250 "
730 PRINT
740 INPUT M : M = INT (M)
750 IF (M < 1) OR (M > 250) GOTO 720 
760 POKE 3 6 6 1 0 , M : REM $8F02
770 HOME = VTAB 5
780 PRINT "FOR EVERY "; M SHOTS, A ;A; UILL" 
770 PRINT "DISPLAY ON THE SCREEN."
800 PRINT 
810 REM
820 REM CALL THE MACHINE PROGRAM 
830 REM
840 CALL 28672 * REM $7000 
850 REM
860 REM PLOT THE SIGNAL SHAPE 
870 REM
880 HGR : HOME = VTAB (24)
870 HPLOT 0.0 TO 256,0 TO 256,157 TO 0,157 TO 0,0
700 A1 = 32768 REM $8000
710 A2 = 33772 REM $8400
720 A3 = 34816 REM $8800
730 H = 0 REM COUNTER
740 FOR I = 0 TO 1D23 STEP 4
750 P = 6 5 5 3 6 * P E E K ( A 1 + I ) + 2 5 6 # P E E K (A 2 + I ) + PEEK(A3+I> 
760 PA = (PK157) / (N*256)
770 PI = 157 - INT (PA)
700 H = H + 1
770 IF (P I >157) OR (PI<0) THEN PRINT "RANGE E X E E D E D !" : 
1000 HPLOT H,PI 
1010 NEXT I 
1020 REM
1030 REM SAVE IT AS A DATA FILE ?
1040 REM
1050 HOME : VTAB 24
1060 D$ = C H R $ (4) : REM CTRL-D
1070 PRINT "SAVE IT AS A DATA FILE ?"
1080 GET 0$
1070 IF 0$ = "Y" GOTO 1100 
1070 IF 0$ = "N" GOTO 1140 
1075 GOTO 1070
1100 INPUT "TYPE DATA FILE NAME ■■" ; F$
1110 PRINT D$ 5 "MON C ,I ,0"
1120 PRINT D$ ; "BSAVE "; F$ ;",A$8000,L$COO"




20D0 REM SUBROUTINE TO SET UINDOU OF THE SCREEN 
2010 HOME = PRINT " CAMAC DATA ACQUISITION SYSTEM"




The mach ne 5ubrout ne CAMAC 5  i i 5 t as T O  1 1 □  UJ 5 :
7000- ; SUBROUTINE CALLED CMAMC UHICH
7000- I COLLECTING DATA FROM THE TRANSIENT
7000- 5 RECORDER TO COMPUTER.
7000- 5
7000- D8 CLD
7001- 20 20 71 JSR $7120 5 CLEAR MEMORY
7004- A7 00 LDA #$00
7004- 8D 03 8F STA $8F03
7007- AD FF 7F LDA $7FFF SETTING PARAMETER OF THE
700C- 8D A2 CO STA $C0A2 5 TRANSIENT RECORDER
700F- AD FE 7F LDA $7FFE
7012- 8D A1 CO STA $C0A1
7015- A7 00 LDA #$00 ! A (0)
7017- 8D A3 CO STA $C0A3
701A- A7 10 LDA #$10 5 F (1 4 )
701C- 8D A4 CO STA $C0A4
701F- A7 02 LDA #$02 ! N (2 )
7021- 8D A5 CO STA $C0A5
7024- 8D A7 CO STA $CQA7 ! CAMAC CYCLE
7027- EA NOP
7028- A7 DA LDA #$01 5 INITIATE LOGIC AND
702A- 8D A4 CO STA $C0A4 5 START SAMPLING
702D- 8D A7 CO STA $C0A7
7030- EA NOP
7031- A7 00 LDA #$00 5 A (0)
7033- 8D A3 CO STA $C0A3
7034- A7 1A LDA #$1 A 5 F (24)
7038- 8D A4 CO STA $C0A4
703B- A7 02 LDA #$02 5 N (2)
703D- 8D A5 CO STA $C0A5
7040- 8D A7 CO STA $C0A7
7043- EA NOP 5 WAIT FOR STOP TRIGGERING
7044- A7 00 LDA #$00 ! A (0)
7044- 8D A3 CO STA $C0A3
7047- A7 08 LDA #$08 5 F (8)
704B- 8D A4 CO STA $C0A4
704E- A7 02 LDA #$02 5 N (2)
7050- 8D A5 CO STA $C0A5
7053- 8D A7 CO STA $C0A7 5 CAMAC CYCLE
7054- AD A8 CO LDA $C0A8 5 LOAD SIGNAL 'Q'
7057- 4A ROR
7D5A- 70 E8 BCC $7044 5 TEST ;Q J
705C- A2 00 LDX #$00 5 STORE DATA INTO COMPUTER
705E- 18 CLC
705F- 20 00 71 JSR $7100.
7042- AD AB CO LDA $COAB
7045- 7D 00 88 ADC $8800 .X
7048- 7D 00 88 STA $8800 ; X
704B- A7 00 LDA #$00
704D- 7D 00 84 ADC $8400 j X
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7070- 7D 00 84 STA
7073- A7 00 LDA
7075- 7D 00 80 ADC
7078- 7D 00 80 STA
707B- E8 I NX
707C- DO El BNE
707E- 20 00 71 JSR
7081- AD AB CO LDA
7084- 7D DO 37 ADC
7087- 7D 00 87 STA
7D8A- A7 00 LDA
708C- 7D 00 85 ADC
708F- 7D 00 85 STA
7072- A7 00 LDA
7074- 7D 00 81 ADC
7077- 7D 00 81 STA
707A- E8 INX
707B- ES BNE
707D- 20 00 71 JSR
70A0- AD AB CO LDA
70A3- 7D 00 8A ADC
70A6- 7D 00 8A STA
70A7- A7 DO LDA
70AB- 7D 00 86 ADC
70AE- 7D 00 86 STA
70BA- A7 00 LDA
70B3- 7D 00 82 ADC
70B6- 7D 00 82 STA
70B7- E8 INX
70BA- DO El BNE
70BC- 20 00 71 JSR
70BF- AD AB CO LDA
70C2- 7D DO 8B ADC
70C5- 7D 00 SB STA
70C8- A7 00 LDA
70CA- 7D 00 87 ADC
70CD- 7D 00 87 STA
70D0- A7 00 LDA
70D2- 7D 00 83 ADC
70D5- 7D 00 83 STA
70D8- E8 INX
70D7- DO El BNE
70DB- EE 03 8F INC
70DE- AD 02 8F LDA
70E1- CD 03 8F CMP
70E4- DO 03 BNE
70E6- 20 AO 71 JSR
70E7- CE 00 8F DEC
70EC- DO OC BNE
70EE- 4C F4 70 JMP
70F1- 4C 28 70 JMP
70F4- AD DA 8F LDA
$ 8 4 0 0 )X 
#$00 
$8000;X 







$8500 j X 







$8A00 j X 
$8A00 >X 
#$00 












$ 8 7 0 0 ;X 
#$00 
$ 8 300;X 




$8F03 ; TEST 'M'
$70E7
$ 7 1 AO ; GOTO PRINT A 'a ; 
$8F00























































FO □ 4 BEQ $70FF
CE □ 1 8F DEC $ 8 F 0 1
4C 28 70 JMP $7028
40 RTS
END OF THE SUBROUTINE




8D A3 CO STA $C0A3
A9 □ 2 LDA #$02
8D A4 CO STA $C0A4
8D A5 CO STA $C0A5
8D A7 CO STA $C0A7
40 RTS




A2 00 LDX #$00
9D 00 80 STA $8000;X
9D 00 81 STA $8100;X
9D 00 82 STA $ 8 2 0 0 }X
9D 00 83 STA $8300 j X
9D 00 84 STA $8400 jX
9D 00 85 STA $8500 >X
9D OD 84 STA $8400 >X
9D 00 87 STA $ 8 7 0 0 , X
9D 00 88 STA $ 8 8 0 0 , X
9D 00 89 STA $ 8 9 0 0 , X
9D 00 8A STA $ 8 A 0 0 ,X
9D 00 8B STA $ 8 B 0 0 ,X
E8 I NX
DO D9 BNE $7124
40 RTS
SUBROUTINE TO PRINT A " A "
A9 DE LDA #$DE
20 ED FD JSR $FDED
A9 00 LDA #$00
8D 03 8F STA $8F03
40 RTS
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